Long term effects of reduced fertilizer rates on millet yields and soil properties in the West-African Sahel by Alexis M. Adams et al.
ORIGINAL ARTICLE
Long term effects of reduced fertilizer rates on millet yields
and soil properties in the West-African Sahel
Alexis M. Adams . Adam W. Gillespie . Gourango Kar .
Saidou Koala . Badiori Ouattara . Anthony A. Kimaro . Andre Bationo .
P. B. Irenikatche Akponikpe . Jeff J. Schoenau . Derek Peak
Received: 22 December 2015 / Accepted: 30 May 2016 / Published online: 14 July 2016
 The Author(s) 2016. This article is published with open access at Springerlink.com
Abstract Microdosing, the point-source application
of a reduced fertilizer rate within 10 days of sowing,
has increased short-term crop yields across the Sahel
and is being actively scaled up as an agronomic
practice. However, there is no information on the long-
term effects of the technique upon soil fertility. To
rectify this, this study used soil samples from the
International Crop Research Institute for the Semi-
Arid Tropics in Sadore, Niger, to assess the effects of
16 years of a reduced fertilizer rate of 15 kg N and
4.4 kg P ha-1 compared to unfertilized soil and a
recommended rate of 30 kg N and 13.2 kg P ha-1
upon millet yield trend, soil chemical properties, and
soil organic matter quality. The interaction of fertilizer
with crop residue and manure amendments at 300,
900, and 2700 kg ha-1 was also assessed. Compared
to unfertilized soil, the reduced fertilizer rate
improved yield by 116 % but did not increase total
N or available P. The recommended rate doubled
available P and increased total N by 27 %, but resulted
in slightly lower pH compared to the reduced rate.
Yield trends were negative for both fertilizer treat-
ments, indicating mineral fertilizer alone is not
sustainable at Sadore. Crop residue or manure addition
at 2700 kg ha-1 with fertilizer did not improve SOC
but buffered pH by 0.3 units, provided nutrients
beyond N and P, and changed the forms C and N
functional groups in soil organic matter.
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Introduction
Crop production is increasing at 1 % per year across
Sub-Saharan Africa (Chauvin et al. 2012), but is
outpaced in the Sahel by a population growth rate of
over 3 % (World Bank 2014). Major reasons for low
productivity increases include unstable rainfall pat-
terns, low inherent soil fertility, low fertilizer use, and
competition for organic inputs as fuel or for grazing
(Abdoulaye and Sanders 2005). Fertilizer use is low in
the Sahel because of high fertilizer costs and limited
access as a result of poor infrastructure and a weak
private crop input sector (Abdoulaye and Sanders
2005). Because of high fertilizer costs and uncertainty
about production potential, it is often too risky for
farmers to invest in applying the recommended rates
of fertilizer to optimize yield (Aune and Bationo
2008). Fertilizer microdosing, which is the application
of about half the recommended rate of fertilizer near
the seedling within 10 days of sowing (Twomlow
et al. 2008), has potential to ease smallholder fertilizer
use constraints in the Sahel. Microdosing has been
found in the short term to substantially increase yields
and nutrient use efficiency, while simultaneously
increasing income by reducing farmer investment
and risk (Twomlow et al. 2008; Aune and Ousman
2011; Bagayoko et al. 2011; Sime and Aune 2014).
While the short-term benefits of microdosing in the
Sahel are now known, there has been little research on
the long-term effects of microdosing on soil fertility
and agroecosystem sustainability.
There is some concern that microdosing may not be
sustainable over the long term due to eventual soil
nutrient depletion, especially without joint application
of organic matter or return of crop residues (Aune and
Bationo 2008; Twomlow et al. 2008). Alternatively,
researchers have suggested that microdosing may lead
to improved long-term soil productivity compared to
unfertilized soil because of increased crop residue
inputs and thus soil organic carbon (SOC) (Aune and
Bationo 2008; Bagayoko et al. 2011). Long-term
research is essential to assess microdosing as a
sustainable soil fertility management, but the effect
of microdosing on nutrient cycling and soil organic
matter (SOC) composition has not yet been studied. In
the current research, the effects of 16 years of reduced
N and P fertilizer application rates (consistent with the
microdose rate currently used for millet) were ana-
lyzed to provides unique information on the long-term
impact of microdosing on Sahelian soils.
There is potential for the sustainability of micro-
dosing to be improved with joint application of crop
residues or manure as part of integrated soil fertility
management (ISFM) (Vanlauwe et al. 2010). For
example, long-term application of manure in the Sahel
has been found to sustain yields (Kihanda and Warren
2012) and increase SOC and soil pH compared to
fertilizer alone (Bado et al. 2012). At long-term
research sites in the Sahel, crop residue amendment
was shown to improve root growth and buffer against
soil acidification, while also increasing SOC and soil
nutrient availability (Geiger et al. 1992; Kibunja et al.
2012). Combining fertilizer additions with either crop
residues or manure alters the soil C:N ratio, resulting
in immobilization that reduces nitrogen losses, while
at the same time speeding up the breakdown of organic
inputs to increase C stability (Gentile et al. 2013).
Unfortunately, crop residue and manure are both in
low supply for smallholders (Abdoulaye and Sanders
2005; Bationo et al. 2012).
Measuring C and N content of soil is an important
step in determining soil fertility. However, total
concentrations are often less important than the
chemical form (species) that is present. Spectroscopic
techniques that can directly measure the different
chemical forms of organic C and N in soils provide
novel information on how nutrients and organic matter
(OM) are cycling under different management prac-
tices. The forms of C and N that are in soil organic
matter (SOM) reflect different points in the decompo-
sition sequence from fresh plant material to decom-
posed and stabilized materials (Wickings et al. 2012).
The newly developed soil continuum model (Leh-
mann and Kleber 2015) considers soil organic matter
as having chemical structure and turnover times that
are dictated by aggregation with soil, sorption on
mineral surfaces, and biological transformations into
biopolymers of varying size. All of these processes
leave a chemical signature in SOM. Organic C and N
species found in fresh plant material indicate limited
microbial breakdown of organic inputs, whereas
microbial decomposition results in the formation of
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microbially-derived C and N groups and biopolymers
that can be identified in the soil organic matter
(Gillespie et al. 2014a).
As the fertilizer microdosing technique is now
being scaled up throughout the Sahel as a result of both
development research and extension activities, it is
important to quantify the possible negative effects of
reduced fertilizer application. Accordingly, the objec-
tive of this study was to determine the long-term
effects of reduced rates of fertilizer on soil fertility and
C and N dynamics, alone and in combination with crop
residue and manure application. We are using the
Sadore, Niger research trials as a worst case scenario;
16 years of intensive monoculture under controlled
conditions. Our methods included analyzing yield
trends, soil chemical properties, and C and N K-edge
XANES spectra of soil samples to assess the overall
changes in fertility that accompany reduced fertilizer
rates. We hypothesized that the reduced rate would
negatively affect soil fertility and nutrient cycling
compared to the recommended rate, but that applica-
tion of organic matter along with manure will reduce
the negative effects of the microdosed rate.
Materials and methods
Site description
The Sadore long-term research trial is managed by the
Tropical Soil Biology and Fertility Institute of the
International Centre for Tropical Agriculture (TSBF-
CIAT) at the International Crop Research Institute for
the Semi-Arid Tropics (ICRISAT) in southwestern
Niger. Annual precipitation at Sadore is
440–587 mm year-1 and average annual temperature
is 28.6. Sadore soils are classified as Arenosols, an
unstable sandy soil that is low in nutrient and water
holding capacity (Jones et al. 2013). Based on particle
size analysis, the soil is 92 % sand, with this fraction
primarily medium (40 %) and fine (37.6 %) sand.
The soils provided for this study were originally
part of an integrated nutrient management trial that
began in 1994, and was described in detail by
Akponikpe et al. 2008. Briefly, the experiment is a
33 factorial RCBD layout with three replications per
treatment. Cropping was under continuous Pennise-
tum glaucum (millet) with varying rates of mineral
fertilizer, crop residue, and farmyard manure. Mineral
fertilizer treatments included a control, a reduced rate
(15 kg N ha-1 and 4.4 kg P ha-1), and a recom-
mended rate (30 kg N ha-1 and 13.2 kg P ha-1).
Nitrogen was applied as calcium ammonium nitrate
(CAN) 10 days after sowing (DAS) 10 cm from the
seed via incorporation with a hand hoe. Phosphorus
was applied before sowing as single super phosphate
(SSP) and was hill placed and ploughed into the soil
(Akponikpe et al. 2008). Both crop residue and cattle
manure amendment treatments were applied at 3 rates:
300, 900, or 2700 kg ha-1. Average manure nutrient
contents were 1 ± 0.05 % N, 0.2 ± 0.01 % P and
1.6 ± 0.09 % K (mean ± SD) and average crop
residue nutrient contents (weighted leaf and stem
content) were 0.74 ± 0.14 % N, 0.05 ± 0.01 % P and
2.54 ± 0.44 % K (Akponikpe et al. 2008). Crop
residue was applied as surface mulch and manure
was broadcast and incorporated; both were added
before sowing. There was no control treatment for
organic amendments because even in traditional low
input systems some residue is still left in the field, and
passing grazing animals deposit manure in all fields
(Akponikpe et al. 2008). Sowing took place after the
first rain, which was most commonly in June, but in
some years took place in May or July. Millet was
planted at 10,000 hills ha-1 and after 2–3 weeks
thinned to 30,000 plants ha-1. Hand weeding took
place two to three times per cropping season to control
weeds.
Soil chemical analyses
Soil samples were collected prior to sowing in 2013;
three composited and well-mixed samples were taken
from each plot at the 0–20 cm depth using an auger. A
sub-sample was air-dried, ground to pass through a
2 mm sieve, packaged in individual airtight sealed
bags, and shipped to the University of Saskatchewan.
Soil samples were stored in airtight vials and analyzed
for pH, organic carbon (OC), total P and N, available
P, and effective cation exchange capacity (CEC) using
standard methods. Soil pH was measured in triplicate
using a glass electrode in a 2:1 water: soil suspension
(Hendershot et al. 2008). The LECO-C632 carbon
determinator (LECO Corporation 1987) was used to
analyze two 0.3 g replicates of each soil sample for
OC concentration. Total N and P were measured in
triplicate according to the acid block digestion method
of Thomas et al. (1967). Digests were then allowed to
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cool to room temperature, diluted and analyzed on an
auto-analyzer. A standard soil of known total P
concentration was used for quality control. Extrac-
table, available P and effective CEC were determined
using a Mehlich-3 extraction because the Mehlich-3
extraction is applicable to tropical acidic soils and
extracts multiple elements of interest to this study
(Ziadi and Tran 2008). Available P was determined
from the Mehlich-3 extracted soil solution using an
auto-analyzer and CEC was estimated by measuring
the concentrations of exchangeable Ca2?, Mg2?, Na?,
and K? cations in vacuum filtered Mehlich-3 solutions
on a Microwave Plasma Atomic Absorption Spec-
trometer (MP-AES 4100 Agilent Technologies).
X-ray absorption spectroscopy
C and N speciation was determined by measuring
X-ray Absorption Near-Edge Structure (XANES) at
the C and N K-edges using the Spherical Grating
Monochromator (SGM) beamline 11ID-1 at the
Canadian Light Source in Saskatoon, Saskatchewan,
Canada. Samples were prepared by suspending a small
amount of the soil sample with water, pipetting onto
Au-coated Si wafers attached to the sample holder
using double-sided carbon tape, and allowing to air
dry. The highest %OC replicate for each treatment was
selected for XANES measurement to maximize the
signal. Data was collected using slew scanning mode
to minimize radiation damage to the sample (Gillespie
et al. 2015). An average of 60 scans were taken per
sample at a new spot on the sample for each scan. The
beam line exit slit was set to 25 lm and partial
fluorescence yield was collected using a silicon drift
detector (AmpTek). The XANES spectral features for
C and N types were identified from published diag-
nostic peaks of reference compounds (Leinweber et al.
2010; Myneni 2002; Urquhart and Ade 2002). For C
spectra, assignments were: (1) aromatic C at 285 eV;
(2) ketone at 286.6 eV; (3) phenolic at 287.1 eV; (4)
carboxylic at 288.6 eV; and (5) carbohydrate hydroxyl
at 289.6 eV. For N K-edge spectra, the assignments
were: (1) pyridinic-N at 398.7 eV, (2) amide-N (i.e.,
protein N) at 401.2 eV, (3) pyrrolic-N at 402.5 eV, (4)
N-bonded aromatics at 403.5 eV, (5) inorganic nitrate
at 405.3 eV and (6) alpha amino-N at 406 eV.
Citric acid was used for calibration at the C K-edge
where the C1 s(C = O) ? p*C=O transition at
288.8 eV was used for energy calibration.
Normalization to incident flux (I0) was carried out
by recording the scattering intensity from a freshly
sputtered (carbon free) Au surface across the C -K-
edge (Gillespie et al. 2015). The N K-edge data was
calibrated to the t = 0 vibration of interstitial N2 gas
(at 400.8 eV) in solid-state ammonium sulfate (Gille-
spie et al. 2008).
Data analyses
Grain yield data, collected for each year of the trial,
was analyzed using PROC MIXED in SAS (Version
9.4; SAS Institute, Cary, NC) to calculate the regres-
sion of yield (y) on time (x). This analysis was
conducted to determine the yield trend for different
fertility treatments. Rainfall data from Sadore was also
regressed over time using PROC MIXED to determine
the influence of annual precipitation on yield trend.
Mean comparisons of soil properties were also con-
ducted with PROC MIXED in SAS. The Tukey–
Kramer test method of multi-treatment comparison for
least significant differences (LSD) was used for mean
comparison, with treatments as fixed effect and
replications as block effect. Significance for yield
regression and soil property mean comparison was
declared at p B 0.05.
C and N K-edge XANES data was processed using
custom macros IGOR Pro v.6 software (Wavemetrics,
Lake Oswego, OR, USA). The pre-edge region of all
spectra was subtracted to remove background, and all
spectra were normalized to an edge step of one. Peaks
were identified according to Gillespie et al.
(2014a, 2014b).
Results and discussion
Yield average and trends
Millet grain yield over time and the linear regression
fit for each fertilizer rate strategy were graphed to
illustrate yield response and trends (Fig. 1). Over
16 years, the millet crop yield minimum was less than
100 kg ha-1 and maximum was greater than
1650 kg ha-1, with the yield increasing with fertilizer
rate, crop residue, and manure application. Yield was
highest with the recommended fertilizer rate, but the
yield response per unit of fertilizer applied (i.e.
agronomic use efficiency) was greater for the reduced
20 Nutr Cycl Agroecosyst (2016) 106:17–29
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rate than for the recommended rate. The reduced
fertilizer rate increased yield by 110 % over the
control, whereas the recommended rate increased
yield by 16 % compared to the reduced rate. A similar
yield increase was seen in short-term microdosing
trials in Africa, ranging from a 46–220 % increase
from unfertilized to microdosed depending on the
fertilizer rates, crops grown, and climatic conditions of
the specific trial (Aune and Ousman 2011; Bagayoko
et al. 2011). Although fertilizer greatly improved yield
in the initial years of application, yield trend was
negative over time at both fertilizer rates (Fig. 1).
There was no significant relationship between yield
and time for the control fertilizer treatment. The
regressions of annual precipitation on time, and mean
yield for each fertilizer rate on annual precipitation
were not significant. This indicates that precipitation is
not predominantly responsible for the negative yield
trend. Other Sahel studies also reported declining yield
over time with long-term fertilizer application (Bado
et al. 2012; Kibunja et al. 2012). Decreasing soil
fertility, as well as increased weed and disease
pressure with continuous millet cropping may explain
the yield decline. The negative yield trend over time is
significant but the model only explains 40 % of
variation, thus caution should be exercised when
drawing general conclusions from this figure on
fertilizer use in the Sahel. Other events such as severe
droughts, which occurred in 2005, 2010, and 2012, or
locust infestation may explain some yield variability.
Another concern is that annual precipitation may not
be nearly as important to yields as is the timing of
rainfall events. Although other factors must be con-
sidered in analyzing yield over time, the significant
negative yield trend for both fertilizer rates suggests
that neither treatment is sustainable.
Effect of fertilizer rate on soil chemical properties
Results for soil pH, CEC, and organic carbon
content are shown in Table 1 as an average of all
samples for a given fertilizer treatment. Long-term
fertilizer application led to a significant decrease in
soil pH from an average of 5.3 when no fertilizer
was used, to 5.0 at the recommended rate. Similar
pH decreases have been observed in other long-term
fertilizer application research and were attributed to
acidity produced in the nitrification of ammonium to
nitrate (Manna et al. 2005; Bado et al. 2012; Caires
et al. 2015). The decrease in pH of 0.3 pH units is
not large, but in sandy soils such as these with
extremely low CEC and OC it may be enough to
decrease exchangeable base cations, and increase
exchangeable Al?3 content in the soil solution. The
reduced rate of fertilizer causes less soil acidifica-
tion than the higher rate and thus may be less
detrimental to soil productivity.
Soil CEC was very low, and was not affected by
fertilizer rate (Table 1) or improved with addition of
crop residue or manure. Other Sahel research has
observed an increase in CEC from crop residue
application (Geiger et al. 1992), but in our samples
the treatment effects on both soil pH and OC were
small. As CEC is more closely related to SOC content
in the Sahel than it is to soil clay content or mineralogy
(Bationo et al. 2007), higher rates of organic matter
input than used in these trials may be required to
significantly improve CEC.
Soil organic carbon was very low overall, ranging
from 0.20 OC to 0.31 % OC, and mineral fertilizer
treatments did little to increase SOC (Table 1).
Application of fertilizer at either the reduced or
recommended fertilizer rate statistically increased OC
compared to the control, but only by 0.02–0.03 %. The
slight OC increase with fertilizer is likely due to
increased biomass production (Alvarez 2005). SOC
may not increase greatly with fertilizer addition
because fertilizer N also stimulates organic matter
Fig. 1 Regression of millet yield versus time (year) for each
fertilization strategy at Sadore site. Regression for control
fertilizer treatment was not significant, thus no regression
equation was included
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degradation (Chivenge et al. 2010). Although SOC is
low, it is not declining; SOC measured in the top
20 cm of the soil at the start of the experiment was
0.18 % OC, which is similar to current levels
(Akponikpe et al. 2008). Thus, SOC decline, which
has explained yield decline in other long-term field
research (Manna et al. 2005), does not explain the
observed yield declines.
Unexpectedly, crop residue and manure did not
interact with fertilizer application to increase SOC
beyond fertilizer alone. Difficulty in sequestering OC
with organic inputs has been observed in other Sub-
Saharan African long-term trials and was attributed to
rapid mineralization and soil erosion from the arid
climate and to continuous cultivation and a lack of OM
protection in sandy soils (Yamoah et al. 2002; Janssen
2011). Trials that were successful in accumulating OC
in West Africa were either (a) higher in clay content,
which increased aggregation and protected SOM from
decomposition (Feller and Beare 1997; Gentile et al.
2013) or (b) used manure rates two to three times
higher than the maximum of this study (Nakamura
et al. 2012).
Crop residues are not believed to be important
inputs for SOC formation in the Sahel, as the high C/N
ratio of residues slows their humification and contri-
bution to SOC (Oue´draogo et al. 2007). However, at
this site crop residues appear to play an important role
in limiting soil acidification caused by fertilizers
(Table 2). This is consistent with previous Sahel
research (Geiger et al. 1992). The highest crop residue
treatment increased soil pH from 5.2 to 5.5 in the
control, and from 4.9 to 5.2 at the reduced fertilizer
rate, but did not buffer pH for the high rate, suggesting
that this rate of fertilizer produces more acidity than
the current crop residue rates can buffer.
Effect of fertilizer rate on soil N and P
Manure and fertilizer interacted to significantly affect
total N and P, and available P (Table 3); however, only
total P was affected by the interaction of crop residue
and fertilizer (Table 4). Averaging the manure rates
for each fertilizer rate, the reduced rate increased total
P by 12 % from the control, and the recommended rate
was 20 % higher than the control, with a 7 % increase
from the reduced rate. This indicates, as expected, that







Controla 5.3ab 0.7a 0.24a
Reduced 5.1b 0.6a 0.26b
Recommended 5.0c 0.6a 0.27b
a Control, reduced and recommended fertilizer rates correspond to 0 kg ha-1 N and 0 kg ha-1 P, 15 kg ha-1 N and 4.4 kg ha-1 P,
30 kg ha-1 N and 13.2 kg ha-1 P respectively applied per year for 16 years as calcium ammonium nitrate (CAN) and single super
phosphate (SSP) fertilizer. All the crop residue and manure treatments are averaged for each fertilizer rate
b Means within a column followed by the same letter are not significantly different (p C 0.05) using Tukey test for LSD
Table 2 Effect of fertilizer and crop residue treatments on soil
pH (1:2 soil:water extract) in the surface (0–20 cm) soil at the
Sadore long-term research site










a Control, reduced and recommended fertilizer rates
correspond to 0 kg ha-1 N and 0 kg ha-1 P, 15 kg ha-1 N
and 4.4 kg ha-1 P, 30 kg ha-1 N and 13.2 kg ha-1 P
respectively applied per year for 16 years as CAN and SSP
fertilizer
b Low, medium, and high crop residue rates correspond to 300,
900, and 2700 kg ha-1 crop residue added per year for
16 years. Manure rate is averaged for each combination of
crop residue and fertilizer
c Means followed by the same letter are not significantly
different (p C 0.05) using Tukey test for LSD
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the majority of the applied fertilizer is either being
taken up by plants or lost via erosion/leaching. Manure
rate appears to influence total soil P levels more than
fertilizer rate, as the high manure rate treatments had
the highest total P concentration regardless of fertilizer
rate.
When the available P results in Table 3 for each
fertilizer rate are averaged across all manure rates, the
recommended rate significantly increased available P
by 290 % of the control (22.9 vs. 5.9). Interestingly,
for the recommended fertilizer rate, available P was
higher in the low than high manure rate. Variation in
total N was much smaller than P, and was not
significantly increased from the control to reduced
rate, and was only increased by 27 % from the reduced
to recommended rate. For all fertilizer rates, manure
application was inversely related to total N, which was
unexpected. Possible explanations for this could be
that addition of manure along with N and P fertilizer
adds micronutrients and base cations not added in
fertilizer (Bayu et al. 2004), which may increase yield
and N uptake. Soil N may also be lower with a higher
manure rate because manure may stimulate organic N
mineralization and nitrification of released ammonia
(Mu¨ller et al. 2003).
Crop residue and fertilizer affected total P in the
soils but not available P or total N (Table 4). Total P
was highest under recommended fertilizer and the
high rate of crop residue and levels decreased with
decreasing fertilizer and crop residue application rates.
This is consistent with other studies that found crop
residue did not impact available P with fertilizer
application (Yamoah et al. 2002; Knewtson et al.
Table 3 Effect of fertilizer and manure treatment on soil total and available P and total N in the surface (0–20 cm) soil at the Sadore
long-term research site






Controla Lowb 116.2fc 4.2e 111.6bc
Medium 142.7de 6.7de 95.9cde
High 173.4abc 6.7de 80.6e
Reduced Low 127.2ef 9.2de 120.7b
Medium 166.6bc 10.7cde 97.9cd
High 191.7a 12.7cd 80.6e
Recommended Low 152.0cd 30.8a 138.3a
Medium 180.0ab 17.5bc 118.7b
High 186.8ab 20.4b 124.1ab
a Control, reduced and recommended fertilizer rates correspond to 0 kg ha-1 N and 0 kg ha-1 P, 15 kg ha-1 N and 4.4 kg ha-1 P,
30 kg ha-1 N and 13.2 kg ha-1 P respectively applied per year for 16 years as CAN and SSP fertilizer
b Low, medium, and high manure rates correspond to 300, 900, and 2700 kg ha-1 manure added per year for 16 years
c Means followed by the same letter are not significantly different (p C 0.05) using Tukey test for LSD
Table 4 Effect of fertilizer and crop residue treatment on soil
total P in the surface (0–20 cm depth) soil at the Sadore long-
term research site













a Control, reduced and recommended fertilizer rates
correspond to 0 kg ha-1 N and 0 kg ha-1 P, 15 kg ha-1 N
and 4.4 kg ha-1 P, 30 kg ha-1 N and 13.2 kg ha-1 P
respectively applied per year for 16 years as CAN and SSP
fertilizer
b Low, medium, and high crop residue rates correspond to 300,
900, and 2700 kg ha-1 crop residue added per year for
16 years
c Means followed by the same letter are not significantly
different (p C 0.05) using Tukey test for LSD
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2008). There may be no difference in total P between
crop residue application rates at lower fertilizer rates
because plants are releasing extracellular phosphatase
enzymes to mineralize P in crop residues to meet plant
P demand (Reddy et al. 2000). A similar demand-
induced solubilization of crop residue P was reported
in other Sahel research (Hafner et al. 1993). Crop
residues may be useful for building up total soil P
levels, but fertilizer application is necessary for total N
and available P supply.
C and N speciation
C and N K-edge XANES results give valuable insight
into how the reduced fertilizer rate and OM inputs are
may be influencing SOM formation and mineraliza-
tion in the Sahel. The results from the C XANES
analysis of treatments (Fig. 2) show differences
between treatments in aromatics (peak 1), carboxyls
(peak 4), and carbohydrates, (peak 5), with minimal
differences in ketones (peak 2) and phenols (peak 3).
For Figs. 2 and 3, the input types and rates are codified
as: R = residue, F = fertilizer and M = manure, and
0 = low organic/control fertilizer application,
1 = medium organic/microdose fertilizer application
and 2 = high organic/recommended fertilizer appli-
cation. Carbohydrate content (Fig. 2, peak 5)
increased with increasing fertilizer input (i.e., F2),
with the highest in the treatment with greatest fertilizer
input and lowest OM input (R0F2M0). There is an
interaction between fertilizer and organic inputs on
carbohydrate content. It is likely that the yield and
biomass increase offered by fertilizer inputs results in
increased root residue carbohydrate input. Manure
nutrient input in R2F2M2, however, appears to
Fig. 2 Normalized fluorescence yield of C K-edge XANES
spectra of soils at Sadore by fertilizer treatment in combination
with varying organic amendment rates. R = residue, F = fer-
tilizer, M = manure; F0 = control, F1 = reduced rate,
F2 = recommended rate; R0 and M0 = 300 kg ha-1 rate, R1
and M1 = 900 kg ha-1 rate, R2 and M2 = 2700 kg ha-1 rate.
Carbon features corresponding to specific excitation energy are
identified as: 1. aromatic-C at 285 eV; 2. ketones at 286.8 eV; 3.
phenolic at 287.1 eV; 4. carboxylic at 288.6 eV; 5. carbohydrate
hydroxyl at 289.6 eV
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increase carbohydrate mineralization. Carbohydrates
are a preferentially degraded carbon form, and are
released from decomposing polysaccharides. Carbo-
hydrate content tends to decrease as decomposition
proceeds (Ko¨gel-Knabner 2000; Gillespie et al.
2011). One study of temperate soils found that
carbohydrates were lower in depleted soil where
fertilizer was not applied, due to lower plant inputs
and greater turnover of those inputs (Kiem et al.
2000).
In contrast with carbohydrates, which were most
abundant with high fertilizer and low OM input, the
opposite pattern was observed in aromatics and
unsaturated C (Fig. 2, peak 1). The treatment with
the highest rate of fertilizer, manure, and crop residue
(R2F2M2) was highest in aromatics while the low
organic ? reduced fertilizer treatment (R0F1M0) and
the high organic ? control fertilizer (R2F0M2) treat-
ment were lowest. Aromatics in sandy soil are derived
from the relative enrichment of lignin as decomposi-
tion proceeds and more labile compounds are broken
down (Vinceslas-Akpa and Loquet 1997; Albrecht
et al. 2015). A higher abundance of both organic and
mineral fertilizer inputs is a dominant controller of
aromatic abundance in our samples. This may be
because higher fertilizer and OM rates lead to greater
crop production and input of lignin-containing millet
residues. Fertilizer amendment and nutrients in
manure also stimulates the breakdown of more labile
OM groups, which should increase the relative abun-
dance of aromatics. Where both fertilizer and organic
matter input were low, aromatics were also low,
reflecting lack of both stimulant and substrate for OM
cycling.
Carboxylic-C (Fig. 1, peak 4) was most abundant in
treatments with lower fertilizer rates, regardless of
OM rate. The control treatment (R0F0M0) was highest
in carboxyl-C, followed by high OM amendment with
no fertilizer (R2F0M2) and control OM amendment
with reduced fertilizer rate (R0F1M0). R2F2M2,
R2F1M2, and R0F2M0, which had the highest mineral
fertilizer inputs, were lower in carboxyls. Carboxylic
acids increase with decomposition and are found in
plant material as carboxylic acids, as a component of
Fig. 3 Normalized
fluorescence yield of N K-
edge XANES spectra of
soils at Sadore by fertilizer
treatment in combination
with varying intensities of
organic amendments.
Abbreviations of soil
treatments are same as for
Fig. 2. Nitrogen features
corresponding to specific
excitation energy are
identified as: 1. pyridines
and pyrazines, aromatic N in
6-membered rings at
398.8 eV; 2. amide at
401.2 eV; 3. pyrrolic, N in
5-membered rings with
unpaired electrons, at
402.5 eV; 4. N-bonded
aromatics at 403.5-
403.8 eV; 5. nitrate N at
405.3 eV 6. alkyl-N at
406 eV
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proteins, and as a product of lignin transformation, as
well as in microbial matter (Ko¨gel-Knabner 2002;
Mahieu et al. 2000). Carboxyl groups are more
resistant against further degradation and their presence
represents a higher degree of oxidation (Kiem et al.
2000). With low fertilizer application, one would
expect slower decomposition of lignin and thus lower
production of carboxyl groups. However, low nutrient
availability may also reduce microbial decomposition
of carboxyl-containing organic groups that have
already formed through humification in more oxidized
soils.
The N functional groups varying in abundance
between treatments are amide-, pyrrolic-, nitrate-, and
alkyl-N (Fig. 3). Pyrrolic-N (Fig. 3, peak 3), was
higher with greater addition of OM under the control
or reduced fertilizer treatments (R2F1M2, R2F0M2,
R2F2M2, R0F0M0) and was lowest in the R0F1M0
and R0F2M0 treatments where fertilizer inputs were
higher than organic matter inputs. Results indicate that
a higher amount of inorganic N fertilizer compared to
OM addition stimulates pyrrolic break down. Pyrrolics
are heterocyclic plant compounds formed through
reaction of inorganic N with organic matter and they
generally increase with degree of decomposition
(Mahieu et al. 2000; Vairavamurthy and Wang
2002). Heterocyclic N compounds are produced
earlier in the OM decomposition pathway and they
typically persist throughout breakdown (Vairava-
murthy and Wang 2002). In the current research,
however, pyrrolics do not persist with greater N-in-
puts, which may be due to climate (leaching) or soil
mineralogy of this site. Under finer-textured soil,
pyrollics persist in treatments higher in fertilizer N due
to adsorption and aggregation that protects them from
microbial degradation; in the sandy soil of Sadore,
these processes may be limited in importance.
The four treatments that were highest in pyrrolics
were also high in amides (Fig. 3, peak 2), and the two
treatments lowest in pyrrolics, (R0F1M0 and
R0F2M0) were also lowest in amides. Amides are
components of protein that generally decrease in
abundance over time because they are a readily
accessible source of N for microbes (Gillespie et al.
2014a; Albrecht et al. 2015). Amides may become
lower as amount of fertilizer N addition increases and
organic input decreases because N is stimulating
decomposition (Appel and Mengel 1990). Accumula-
tion of amides may largely be due to adsorption of
proteins on mineral surfaces (Gillespie et al. 2014a); in
these soils there are few mineral surfaces for amide
adsorption to occur. Thus amides are likely low
because they are broken down with higher N addition.
Amides may be higher in the R2F1M2 and R2F0M2
treatments than the R0F0M0 and R2F2M2 treatments
because greater organic N input would stimulate less
amide breakdown.
The control fertilizer and high OM treatment
(R2F0M2), which is abundant in amides and pyrrolics,
is lower in alkyl-N, (Fig. 3, peak 6), compared to all
other treatments, indicating alkyl-N may build up as
amides and pyrrolics break down. Alkyl-N may be low
when amides are highest because amides must break
down to form alkyl-N (Sjorgersten et al. 2003).
Another important observation is that the alkyl-N
peaks for R2F0M2 and R2F1M2, the treatments
highest in organic matter as well as amides, are
shifted to the left (Fig. 3, peak 5) indicating that more
N in these two samples is in the nitrate form relative to
ammonium (Leinweber et al. 2007). Addition of crop
residue and/or manure may be stimulating nitrifica-
tion; this was seen in another long-term research trial
where increased manure application led to increased
NO3
- production and higher nitrification rates (Mu¨ller
et al. 2011).
In contrast with the above C and N groups, there
was no difference between fertility treatments in
ketone-C or phenol-C abundance (Fig. 2). There may
be no difference in phenols, which are recalcitrant
plant derived compounds found in lignin (Grandy and
Neff 2008; Wickings et al. 2012), due to a combination
of factors. First, there is a strong similarity of plant
biomass in all cases (millet), which may lead to the
same abundance of phenols regardless of treatment.
Secondly, phenols may not be retained in the soil
because kaolinite, the dominant mineral in these soils,
does not typically adsorb phenol groups (Asselman
and Garnier 2000). There was also no difference
among treatments in ketones, which are present in
microbial material and produced through microbial
metabolism of aromatic and fatty acid compounds
(Gottschalk 1986; Dent et al. 2004; Hitchcock et al.
2009). Ketones are mainly retained in the fine mineral
fraction (Gillespie et al. 2014a), which is very small at
Sadore. Overall, low soil organic carbon content in
this study may largely be explained by the lack of a
fine soil fraction to adsorb organic polymers and
protect SOM.
26 Nutr Cycl Agroecosyst (2016) 106:17–29
123
Conclusions
This study demonstrates that there are both benefits
and drawbacks to using the reduced fertilizer rates in
the Sahel. The reduced fertilizer rate increases soil N
and P concentration compared to not adding fertilizer,
but not to the same extent as the recommended rate.
Soil acidification is less severe in reduced rate samples
compared to recommended rates of fertilizer applica-
tion. Drawbacks to the reduced rate of fertilizer
compared to the recommended rate include lower
yields and slightly lower soil organic carbon. Based on
the decline in yield trend over 16 years for the reduced
and recommended fertilizer rates, neither fertilizer
rate can be considered truly sustainable. However,
crop residue and manure additions improve the
sustainability of reduced fertilizer additions by buffer-
ing pH, improving total P, supplying essential plant
nutrients that inorganic fertilizer does not. Based upon
this, our recommendation to smallholder farmers
would be to utilize fertilizer microdosing in concert
with organic amendments to optimize productivity.
Surprisingly, even 16 years of large amounts of
organic inputs did not substantially increase SOC; this
may be due to limited adsorption and aggregation in
sandy Sadore soils and rapid turnover rates for organic
inputs. XANES provided some novel insights into how
C and N are cycling in these soils: treatments with low
fertilizer rates and higher organic inputs were enriched
in more labile or plant-derived C and N, whereas the
high fertilizer rates and low organic inputs had
evidence of greater SOM breakdown. The arid climate
and sandy soil of Sadore also resulted in unexpected C
and N chemistry, as organic groups that are normally
protected via adsorption, including aromatic-, phenol-
and ketone-C, and pyrrolic-N, were depleted at Sadore
because higher fertilizer inputs favored decomposi-
tion. Rates of crop residue and manure much higher
than those applied in the current research are required
to increase pH, SOC levels and stabilize yields in this
region. Alternatively, since turnover rates appear to be
quite rapid and mineralization is high for soil carbon, it
may be more efficient to manage SOC inputs more
intensively (timing, incorporation approaches, choice
of inputs) rather than increasing the quantities applied.
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